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MODAL TESTING OF ADVANCED WIND TURBINE SYSTEMS

Richard M. Osgood
National Wind Technology Center
National Renewable Energy Laboratory
Golden, Colorado

ABSTRACT

The U.S. Department of Energy (DOE), in conjunction with the
U.S. wind industry, is supporting the development of technology for
advanced, higher efficiencv wind energy conversion systems. Under
the Turbine Development Program (TDP), the DOE, through the
National Renewable Energy Laboratory (NREL) will assist U.S.
industry in incorparating advanced wind turbine technology into
utility-grade wind turbines. As part of the TDP, NREL is conducting
a range of activities airned at assisting the wind industry with systern
design analysis and testing. One major activity is NREL's Full
Svstem Modal Testing (FSMT) task In 1993 and 1994, NREL's
FSMT team conducted modal surveys on several wind turbine
svstems developed by the U.S. wind indusay, including Atlantic
Orient Corporation's AOC 15/50, R. Lynette and Associates' (RLA)
AWT-26 P1, and Carter Wind Turbines Incorporated’'s CWT-300.
This paper describes how these modal surveys were carried out and
how industry and NREL wind researchers used the experimental
results to validate their analytical models.

INTRODUCTION AND BACKGROUND

The development of a reliable advanced wind turbine requires an
accurate dynamic model of the structure. Once a model that correctly
predicts the wind turbine's dynamic response to variable inflow and
operating conditions is obtained, researchers can estimate the strength
necessary for structural components to resist fatigue. Subsequently,
trade-offs in the svstem's design can be made so that a more
economical turbine may be mamufactured  However, before
peototype hardware is available for testing, the analyst and designer
can usually estimate the values of many structural parameters needed
as input to their analytical model (1). Advanced wind turbines are
complicated structures camposed of flexible elements. Properties of
common engineening matenials used to manufachare wind turbine
subcomponents vary from well-known metals to lesser-known fiber-

glass or wood composites. Also, depending on the fabrication
process chosen for the rotor blades, the elastic and geometnc
properties needed for the blade's structural model may be hard to
determine, which can lead to errors in estimating the blade's mass and
stiffness distribution or the location of the airfoil's principal bending
axes. In addition, nonlinear interactions between major wind turbine
components such as the nacelle and tower or between the rotor and
nacelle further complicates the analytical model's input data set.
Consequently, the dynamic model is seldom accurate and needs to be
updated by the analyst or designer with expenmental test results as
they become available.

Once a prototype machine is obtained, it is necessary to validate the
analytical model of the component or complete structure. The
analytical model of the structure may be a finite element model
(FEM) or a multi-bodv dvnamics model such as ADAMS
(Autonatic Dvnamic Analysis of Mechanical Systems), developed by
Mechanical Dynamics Incorporated of Ann Arbor, Michigan., The
ADAMS code antomatically generates nonlinear equations of motion
for the wind turbine by modeling the structure as discrete masses
connected by springs and viscous damping elements (2). Special
subroutines are incorporated into the code to model the unsteady
aerodvnamics and yaw motion of the turbine. The code calculates the
system's dynamic response and reaction forces between the model's
elements. In most situations, NREL researchers work with the
industry partner's particular FEM code to model a given advanced
wind turbine (AWT) system. The FEM code models the wind
turbine with discrete structural elements (3). The finite elements are
used to predict deflections and the structural stresses that result from
externally applied loads or from reaction forces that are transferred to
the FEM from the ADAMS model of the wind turbine structure.
Both ADAMS and a FEM are capable of predicting the static
(nonrotating) modal properties of the wind turbine system. The



modal properties include natmral system frequencies, damping
factors, and mode shapes inherent to the structure or subcomponent.

To support our wind industry researchers in validating their models
of wind turbine structures, NREL's FSMT team conducted several
modal surveys on nonrotating prototypes in situ. This paper briefly
discusses a few of the wind systems tested for our industry partners.
These systems include the AOC 15/50, AWT-26 P1, and the CWT-
300 wind systems (see Figure 1). The modal surveys measured the
wind system's nonrotating natural modes of vibration. In some
instances, such as the CWT-300, individual components of the wind
turbine were tested at the industry partner's request The finite
element analyst at CWT, Inc. used the modal survey of the CWT-300
blade to validate his estimates of the blade's mass and stiffness
distributions. Also, NREL's modal test team and industry researchers
used the full system modal test results to tune the overall dynamic
model of the wind system and identfy potenhal operafing
problems (4).

The Campbell diagram is an important result of the modal survey.
It can be used as a diagnostic tool to identify potental resonance
conditions that may occur during the wind turbine's operation (see
Figure 2). A Campbell diagram (sometimes referred to as a Fan plot)
displays the system's natural frequencies against the speed of the
rotor (5). The coalescence of a natural frequency of the system and
per-revolution forcing frequency at the rotor’s operating speed causes
a condition of resonance. For example, Figure 2 highlights the first
flap bending mode which occurs at 1.56 Hz. This natural mode is
near the three-per-revolution forcing frequency caused by the 29 rpm
rotor speed  Sustained operation of the wind turbine exciting a
natural mode of the system results in high fatigue loads and can cause
a catastrophic failure in the wind turbine structure. The Campbell
diagram is used by the designer to decide whether to change the
design of the wind turbine's structure to alter its dvnamic response, or
to change the rotor's operating speed so that the resonant condition is
avoided.

WIND TURBINES TESTED
The NREL FSMT test team conducted modal surveys on the AOC

15/50, AWT-26 P1, and CWT-300 wind turbine systems shown in
Figure 1. The AOC 15/50 machine is designed for use by farms,
municipal facilities, and commercial utilities, and in high penetration
wind-diesel hybrid systems. The AWT-26 P1 is an advanced, utility-
class wind turbine designed for use in multi-unit wind power stations.
The CWT-300 is the result of an integrated design methodology and
is engineered for use by independent power producers or for power
displacement by industnial and utility concems.

All of the turbines tested were designed for down-wind operation.
The AOC 15/50 and AWT-26 P1 operated in free-vaw, while the
CWT-300 utilized free-yaw with dampening, Free-vaw is where the
wind turbine’s rotor passes through the wake of the tower and is
aligned with the predominant wind direction by a restoring moment
acting about the nacelle's vaw axis. The restoring moment is
developed by an imbalance of lift and drag forces acting on the wind
turbine’s rotor. The AOC 15/50 wind machine is a 3-bladed rigid
hub design, as compared to the AWT-26 Pl and CWT-300 wind

turbines which have two blades and a teetenng hub. The rigid hub
design transfers both in-plane and out-of-plane bending moments to
the low-speed shaft. The teetering hub, in contrast, can only transfer
in-plane bending moments from the rotor blades. The teeter pin is
placed at the hub so that the out-of-plane bending moments at the
low-speed shaft are canceled.

Each of the wind systems the modal team tested incorporated a
different but typical tower configuration The AOC 15/50 and
AWT-26 P1 are each mounted on top of a three-legged lattice (truss-
type) tower, while the CWT-300 is installed on a tube tower. The
AOC 15/50 and AWT-26 P1 25-m towers are free standing, and the
50.2-m CWT-300 tube tower has four supporting guv cables
attached near the 60% level for vertical stability. Table 1 gives a
more detailed description of each wind turbine's configuration for
comparison.

APPROACH

The FSMT team plans the modal surveys so that the measurement
grid can be correlated with the analytical model's geometry. When
setting up a modal test to validate a FEM, we attach our sensors to
the wind turbine where key nodes of elastic elements are used to
model the wind turbine structure. In validating an ADAMS model,
we place our accelerometers at the centers-of-gravity of rigid part
elements representing the wind turbine subcomponents. A small to
moderate-size FEM can have 2,000 to 150,000 degrees-of-freedom
(DOFs). A typical ADAMS wind turbine model, with a reasonable
execution time, will have on the order of 150 DOFs. With the
Expenmental Modal Analysis (EMA) method, we measure DOFs in
terms of excitation (input) and acceleration responses (output) at
discrete locations of the structure under test (6). We use the input
and output measurements to compute frequency response functions
(FRFs) between each measured acceleration response and excitation
input of the structure. The FRF (or transfer function) is calculated in
the frequency domain as the ratio of the output response to the input
excitation. The magnitude of the FRF is plotted against frequency: at
a frequency value where the function has a sharp maximum (peak
value), a nataral mode of vibration exists. Figure 3 is a FRF plot
taken during the AOC 15/50 modal survey.

The mobile data acquisition system used by NREL's modal test
team is limited to 48 measurement channels, i.e., we can measure a
maximum of 48 DOFs at one time. Therefore, we must judiciously
choose the locations on the wind turbine structure to attach the
accelerometers so that the modal survey will identify all the modes of
interest to the analyst. Because we can measure up to 48 DOFs per
modal test, a full system modal survey is usuallv comprised of three
subcomponent tests, including the rotor, nacelle, and tower
components.

The map of measwrement points we initially select for a modal
survey of a particular wind system is based on the particular
analvtical model's geometry of the wind turbine. The FEM or
ADAMS computer model is used to predict the first several non-
rotating system modes of vibration, and the frequency range in which.
the modes occur is noted. If no errors are present in the modeling
process, we could use these preliminary analvtical results to



determine the minomum number of structural points on the wind
system that are best used to excite the structure. However, the
objective of the modal survey is to validate the analytical model.

Also, we want to choose the excitation locations on the structure so
that they are not a node of vibration for any mode of interest. For a
complicated and flexible wind turbine, more than one excitation point
is usually required to excite all the modes of inferest within a
specified frequency bandwidth. Further, if there are inaccuracies in
the analytical model, some modes may be missed in the computer
simulation. Therefore, we need to search for natural system modes
by making several driving point measurements on the wind turbine
structre. A driving point measurement is where the excitation
measurement is collocated with the response measurement and DOF.
We make several driving point measurements on the rotor, nacelle,
and tower and then compute FRFs and count the number of
frequency peaks observed. The driving point measurements with the
greatest number of peaks are selected as the locations to excite the
wind turbine structure.

Next, we consider the turbine’s configuration. Because the modal
survey is conducted on a nonrotating system, the azimuth position of
the rotor determines how the rotor modes interact with the nacelle and
tower modes of vibration. The test engineer and analyst decide what
azimuth position the wind turbine rotor will have during the full
system modal survey. For three- or two-bladed wind systems, usually
two rotor azimuth positions are sufficient to validate the analytical
model. Two different rotor configurations means that two separate
full-systern modal tests nmst be conducted on the wind turbine
structure. For a three-bladed wind turbine, the rotor azimuth position
is orentated as a proper "Y" or inverted "Y" for the first
configuration. The second configuration is obtained when amy single
blade is held horizontal, or parallel to the ground A two-bladed wind
maching is tested with the blades horizontal (parallel to the ground)
for the first rotor azmmuth configuration. For the second azirmith
configuration, the blades are rotated to the vertical position, or
parallel to the tower.

Another system configuration condition we impose is the
application of the machine’s drive train brake. The brake must be
applied during the modal test to hold the chosen azimuth position of
the rotor. The wind systems we tested all had a high-speed shaft
brake on the back-end of the generator which was applied during the
modal survey. Fortunately, the application of the generator break
approximates the electrical back-torque seen by the generator and
transmitted through the gearbox when the machine is on line and
producing power. The drive train's torsion mode of vibration and
interaction with the rotor’s in-plane bending modes are affected by the

generator s electrical back-torque boundary condition.

The last turbine configuration we must address for a static or
nonrotafing full system modal survey is the nacelle's yaw position
with respect to the tower. A change in the orientation of the nacelle
with respect to the tower can change the bending compliance between
the nacelle and tower. Therefore, the nacelle's yaw position with
respect to the tower must be held constant throughout the modal
survey so that the boundary condition between tower and nacelle is
time invariant. The AOC 15/50 and AWT-26 P1 yaw freely in light

wind conditions. To make each wind system’s structural response to
the applied excitation time invariant, we canstrained the AOC 15/50
and AWT-26 P1 from yawing. This was accomplished by installing
a soft torsion spring between the nacelle and tower-top for both the
AOC 15/50 and AWT-26 P1 wind turbines. We fabricated the
torsion spring from 1-inch-diameter high-pressure rubber tubing. We
then adjusted the torsion spring rate so that the first rigid-body
rotation mode of the nacelle about the yaw axis was more than an
order-of-magnitnde below the frequency of the tower’s first elastic
torsion mode of vibration. That is, we commected the torsion spring
between the tower-top and nacelle bed-plate so that the no yaw
moments were transferred through the yaw column (a pin
connection). We then installed mechanical stops that prohibited the
nacelle from yawing more than +/-5 degrees dunng a moderate wind
direction change. Yaw dampers on the CWT-300 were sufficient to
keep the machine from yawing for the wind conditions present during
its modal test.

The system modes that are of most interest to the analyst depend on
the particular turbine modeled However, a three-blade rigid rotor
machine or a two-blade teetering hub machine have certain modal
characteristics in common. Both turbine designs exhibit asymmetric
and symmetnc rotor modes that couple with nacelle and tower modes.
The direction and location in which excitation is applied to the wind
turbine structure determines how strongly the asymmetric and
symmetnc rotor modes are excited. For example, Figure 4 shows a
two-bladed wind turbine structure excited such that the tower fore-aft
and nacelle pitching modes couple with the symmetnic rotor out-of-
plane and in-plane bending modes of vibration. On the other hand,
Figure 5, shows the same turbine excited in the tower side-to-side
direction and the asymmefric in-plane and out-of-plane rotor bending
modes being driven. Further, two- or three-blade machines will
exhibit coupled rotor in-plane and out-of-plane bending modes of
vibration if there is a high degree of blade twist, (greater than
approximately 10 degrees). Figure 6 shows the first in-plane bending
mode coupling with the second out-of-plane bending mode of
vibration for a typical wind turbine blade with more than twenty-
degrees of twist from tip to root.

TEST PROCEDURE

To excite the tower fore-aft and nacelle pitching modes, we attach
our hydraulic excitation system to the nacelle. A load cell is attached
to the nacelle with its line-of-action in a plane parallel to the low
speed shaft (LSS) and at a known position ahead or aft of the yaw
column (see Figure 7). The angle of the load cell with respect to the
tower's vertical dimension is between 30 and 60 degrees, depending
on the particular test set-up. The other end of the load cell is attached
to a high-strength steel cable. The cable is loaded to a mean tension
load of approximately 3000 N by a hydraulic actuator anchored to the
ground A random excitation signal in the range of +/-1000 N peak-
to-peak is applied to the structure for both rotor configurations tested
in the full-system modal surveys. FRFs are measured between the
load cell input signal and output signals of the accelerometers, which
are mounted on the rotor, nacelle, and tower.

We also attach the hydraulic shaker system to the tower and excite
the in-plane rotor modes that couple with nacelle yaw motion and



tower side-to-side bending modes of vibration (see Figure 7). To find
the location on the tower to attach the load cell of the hydranlic shaker
system, we use the results from our initial drving point
measurements. The load cell is attached to a point near the anti-node
of the tower's second side-to-side bending mode. The load cell's line-
of-action is perpendicular to the LSS and makes an angle of 30 to 45
degrees (depending on test conditions) to the hornizontal ground
reference. The same mean 3000 N tensile load with an impressed -+/-
1000 N random load is applied to the tower through a steel cable.
The cable is connected between the load cell and hydraulic actuator,
which is anchored to the ground. The tower is excited in the side-to-
side direction and FRF measurements are made for the two chosen
rotor azinmith positions.

We use two different types of excitation signals to drive the
hydranlic shaker system attached to the wind turbine structure. The
first signal is a truly random signal made up of varying amplitude but
limited in frequency range to the bandwidth of the FRF measurement.
The second signal type is a pseudo-random signal made up constant
amplitude and randomly phased discrete sine waves (tonals). The
pseudo-random signal is actually a detevministic signal since it is
composed of many sine waves of different frequencies. The mumber
of tonals present in the pseudo-random excitation signal is equal to
the mumber of lines of resolution required by the bandwidth of the
FRF measurement. The particular excitation technique we employ
for a given modal survey pamarily depends on two factors: (1) the
degree of nonlineanty observed in the wind turbine structure, and
(2) the wind-speed conditions present duning the modal test

The truly random signal is useful for characterizing the modal
properties of a nonlinear structure. However, a truly random
excitation technique is difficult to use in windy test conditions. We
found that the wind system’s response to the band-limited and
variable amplitude random signal was easily overwhelmed by
moderate wind speeds of 7 to 10 m/s. Also, a random signal can
cause leakage errors that distort the FRF measurement Leakage
errors occur because the random signal is not periodic within the
measurement time record used to compute the FRF. For test
conditions with wind speeds less than 8 m/s, we minimized the
leakage errors associated with the random excitation technique by
increasing the frequency resolution of the measurement process about
the modal peaks found in the FRFs. We also used a Hanning window
on the data and overlapped the time records by 50%. The added
signal processing overhead infroduced into the measurement process
reduced the distortion in the FRF measurements.

We use the pseudo-random excitation technique for moderate wind-
speed test conditions of 9 to 15 m/s. The pseudo-random excitation
provides a good signal-to-noise ratio because its amplitude can be
adjusted to ovemride the wind noise. Also, because the pseudo-
random excitation signal is periodic within the measurement time
record, leakage emors that occur in the computed FRFs are
minimized. However, due to its deterministic nature, pseudo-random
excitation can cause errors in the computed FRFs of nonlinear
structures.  In addition, several hundred averages must be taken to
reduce the effects of wind noise. Also, the wind system must be in a
steady-state of vibration for an accurate FRF measurement using

pseudo-random excitation. Therefore, to judge when the system has
reached a steady-state of vibration, we observed real-time spectrums
of key accelerometer responses. When the spectrums of key
structural responses settled down to a characteristic shape; then
steady-state vibration was achieved, and we would start the averaging
process.

We use the coherence function to judge the quality of each FRF
measwrement  The coherence function indicates how much energy
applied to the structure by the hydraulic shaker system is associated
with the energy measured in the response of the wind turbine. The
coherence function also indicates how well the input and output data
fit a linear model in the frequency region of the modal peaks found in
each FRF measurement (7). The coherence function has a vatue
between zero and one when plotted against frequency. At frequencies
where modal peaks occur, the coberence function will be near unity
(greater than 0.9). However, if signal processing errors such as
leakage occur, the coherence function can be much less than unity at
the modal peak frequencies. In addition, if the structure is nonlinear,
the coherence function can be much less than unity. Also, at
frequencies where an anti-resonance occurs, the coherence function
will be much less than one. Anti-resonances occur in a FRF at
frequencies where the structure absorbs enmergy. The coherence
function is also sensitive to wind noise induced into the measurement.
A poor signal-to-noise ratio during the measurement process will
canse an overall drop in the coherence function. The effects of wind
noise are mimimized by taking several lnmdred averages of the FRF
measwemeat  The coherence function is a useful data qualification
tool if care is used in making the measurements and proper signal
processing methods are employed for the given excitation signal
implemented (8).

EQUIPMENT SETUP AND INSTRUMENTATION

Our mobile hydranlic test system consists of a data van with
computerized data acquisition instrumentation and a hydraulic purmnp
trailer (see Figure 8). The data van carries all of the signal
conditioning for 48 channels of acceleration and load measurements.
The signals are digitized and processed with a 48-channel HP3566A
specttum analyzer. The HP analyzer computes FRFs between the
input signal (a force transducer) and response signals from the
accelerumeters. The analyzer transfers the FRF @easurements to one
of two computer systems. A PC-based computer is used for initial
impact measaements and a HP/UX workstation is used for full
system modal surveys. A four-channel SD-380Z signal analyzer is
used to monitor real-time key excitation and accelerometer signals.

The hydranlic trailer houses a MTS hydraulic pump and service
manifold. The hydraulic pump energizes two hydraulic actuators that
excite the wind turbine structure. The hydraulic pump and actuators
are controlled by a MTS closed-loop servo system inside the data
van, which receives its programming from the HP/UX data
acquisition system. LMS CADA-X software running on the HP/UX
worlsstation controls the hydraulics and data acquisition system
(HP3566A Spectrum analyzer). Altematively, the hydranlic system
may be controlled by the PC-based data acquisition system through
the SD-380Z signal analyzer for special purposes tests.



Processed data are transferred to the particular computer system via
an [EEE 488 .2 parallel interface. LMS CADA-X software running
on the HP/UX workstation (or SMS Star Modal Software on the PC)
extracts the modal parameters including natural frequencies, damping
values, and mode shape vectors. Both software packages are capable
of plotting the data and animating the mode shapes. Each software
system builds a computer model of the wind turbine structure or
subcomponent tested Once the modal parameters have been
ascertained from the data, an equivalent experimental dynamic model
of the structure is available for comparison with analytical models.

TEST RESULTS AND PREDICTIONS

The discussion below presents the modal tests for the full-system
modal surveys of the AOC 15/50 and AWT-26 P1 and compares
them to an ALGOR finite-element analysis as well as an ADAMS
model. The CWT-300 blade subcomponent test results are
compared to an ANSY'S finite element analysis performed by Carter
Wind Turbines Inc.

AOC 15/50

Table 2 compares the measured natural frequencies with the
predicted frequencies from an ALGOR FEM and an ADAMS model.
The first column lists the mode shapes, and the second column shows
the measured nonrotating frequencies. The third columm lists the
frequencies predicted by the ALGOR FEM. The fourth column
shows natural frequencies predicted .byan ADAMS model after
adjusting the model with experimental results (9). The results of the
expenmental test and analytical models are for the rotor azimuth
position in the proper "Y' configuration. Figure 9 shows the first
three significant out-of-plane (flap) bending modes of the rotor listed
in Table 2.

AWT-26 P1

The AWT-26 P1 was tested and analyzed for two rotor azimuth
positions: vertical and horizontal. A comparison of the experimental
results and ADAMS model predictions of the natural frequencies is
givenin Table 3 (10). It is interesting to note that the first symmnetric
rotor in-plane (edge) bending mode’s natural frequency value is
significantly affected by the azimuth position of the rotor. Figure 10
shows the first three significant natural bending modes of the rotor
that correspond to Table 3 for the rotor blades in the horizantal
position.

CWT 300 BLADE

The CWT-300 blade subcomponent was tested in a blade test stand
at Carter Wind Turbines' manufachmng facility. A detailed ANSYS
FEM of the blade was developed by CWT’s chief structural engineer
as a preliminary step in developing a detailed ADAMS model of the
blade. The modal survey’s measured natural frequencies, damping
factors and mode shapes were used to adjust an ANSYS FEM’s
mass and stiffness distributions of the blade. The FEM’s mass and
stiffness information were then imported into an ADAMS model of
the highly flexible wind turbine structure. Table 4 shows a com-
parison of measured natural frequencies of the blade with the
ANSYS FEM predictions. Figure 11 shows the comesponding
measured modes shapes for Table 4.

DISCUSSION

Changes were made in the stiffness estimates of the ALGOR
FEM of the AOC 15/50 so that the predicted natural frequencies
agreed with modal test results to within 4% for modes below 5.2
Hz. The last mode, first rotor asymmetric edge bending, could
only be tuned to within 16% of the experimental results.
However, all of the predicted ADAMS frequencies of the tuned
model are within 0.4%. The ALGOR finite element model is
stiffer than the ADAMS model or than what the measured
nonrotating natural frequencies indicate.

The overall agreement between the modal test results and the
ADAMS model predictions of the AWT-26 Pl natural
frequencies are good for both the horizontal and vertical blade
positions. Experimental data and analytical results varied by only
4%, except for the case of first-tower side-to-side bending with
blades vertical. Here, the analytical model could only be tuned to
within 10% of the measured natural frequency. Reference 4
shows that when the tower-top stiffness is adjusted, the
simulated dynamnic response of the operating wind system agrees
better with measured loads of the operating turbine as well as
with the measured static natural frequency of the first symmetric
edge rotor mode. The modal test results indicate the importance
of modeling the tower-top stiffness accurately so that natural
modes of vibration are properly interpreted with operating
machine loads data Also, the change in the rotor’s first
symmetric in-plane bending frequency as a function of the rotor’s
azimuth position, points out the importance of using two rotor
positions for the wind system’s modal test.

The ANSYS FEM of the CWT-300 wind turbine blade con-
tained several thousand DOF's as compared to the relatively few
48 DOFs of the experimental modal model. However, there was
sufficient resolution in the experimental results to accurately
measure the first four bending modes of vibration. The CWT-
300 composite blade is manufactured from hand lay-ups of glass
cloth and epoxy resins. The distribution of mass as a function of
blade radius was harder for the analyst to determine than was the
stiffness distribution. Information on the blade-skin thickness
and shear-web geometry was more easily obtained from the
blade molds, and therefore made the stiffness distribution less
complicated to calculate. The analyst was able to adjust the
densities of the materials used to model the blade subcomponent
and achieve agreement with the experimental results to within
6% for the first four modes of vibration.

CONCLUSIONS

The purpose of NREL's mobile vibration testing system is to
support the TDP and the U.S. wind industry. We use our modal
testing experience and equipment primarily in three areas. The first is
to diagnose vibration problems (such as resonances) of operating
wind turbines using standard rotating machinery test methods. The
second is to obtain modal test data with which to validate the wind
researcher's analytical model. The third main use of our modal test



results is to help sort out the operating loads data in terms of natural
response and forced response of the structure.
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AWT-26 P1 CWT-300 AOC 15/50

Figure 1. ADVANCED WIND TURBINE SYSTEMS
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Figure 2. CAMPBELL DIAGRAM (FAN PLOT)



TABLE 1. - AWT MACHINE CONFIGURATION

Configuration AQC 15/50 AWT-26 P1 CWT-300
Rotor 3-bladed, 15-m diameter 2-bladed, 26.2-m diameter 2-bladed, 24-m diameter
Blade Material Wood/epoxy laminate Wood/epoxy laminate Glass/epoxy composite
Hub Rigid & Down-wind Teetering & Down-wind Teetering & Down-wind
Hub Height 25-m 25.3-m 503-m
Rotor Speed 65 rpm 57 rpm 65 rpm
Rotor Overspeed Control | Air Brakes at Blade Tip Air Brakes at Blade Tip Stall with Blade pitch-up
Nacelle Free Yaw « { Free Yaw Free Yaw with dampening
Drive Train Design Integrated Gearbox/Generator Discrete Gearbox & Generator | Integrated Gearbox/Generator
Rated Power 50kW @ 11.0m/s 275kW @ 16.7m/s 276 kW@ 175m/s
Tower Top Weight 2,404 kg 6,356 kg 4,431kg
Tower Type 3-legged lattice 3-legged lattice Guyed Tube
Tower Weight 3,007 kg 5,836 kg 8,023 kg
-30.00 A:2 XL:0.00 YL:-500.00 XH:10.50 YH:-90.05
f
Log Mag
-110.00
0.00 |  Freq (Hz) ‘ 10.50

Figure 3. AOC 15/50 FREQUENCY RESPONSE FUNCTION



Figure 4. TOWER FORE-AFT & NACELLE PITCH EXCITATION DRIVING THE FIRST
OUT-OF-PLANE SYMMETRIC ROTOR BENDING MODE
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Figure 5. TOWER SIDE-TO-SIDE EXCITATION DRIVING THE SECOND OUT-OF-PLANE
ASYMMETRIC ROTOR BENDING MODE



EDGE (IN-PLANE) VIEW
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FLAP (OUT-OF-PLANE) VIEW

Figure 6. BLADE WITH +20 DEGREES OF TWIST: FIRST IN-PLANE BENDING MODE
COUPLED WITH SECOND OUT-OF-PLANE BENDING MODE
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Figure 7. HYDRAULIC SHAKER ATTACHMENT SCHEME
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Figure 8. FULL SYSTEM MODAL TEST EQUIPMENT SETUP



TABLE 2. AOC 15/50 MEASURED AND PREDICTED NATURAL FREQUENCIES

MODE Shape Description Meas. Freq. (H2) ALGOR Freq. (H2) ADAMS (Hz)
1st Tower Fore-aft Bending 1.65 1.71 1.65
1st Tower Side-to-Side Bending 1.70 1.76 1.70
1st Rotor Asym Flap Bending 325 3.35 3.26
1st Rotor Symm. Flap Bending 3.75 3.79 3.74
2nd Rotor Asym. Flap Bending 5.14 - 5.18 512
1st Rotor Asym. Edge Bending 8.29 9.60 828
TABLE 3. COMPARISON OF AWT-26 P1 MODAL TEST RESULTS
AND ADAMS NATURAL FREQUENCIES PREDICTIONS
Rotor Configuration Blades Horizontal Blades Vertical _

Mode Shape Description Modal Test ADAMS Modal Test ADAMS
1st Tower Fore-aft Bending 1.12Hz 1.09 Hz 1.12Hz 109Hz
1st Tower Side-to-Side Bending 1.1 8v Hz 1.12Hz 125Hz 1.12Hz
1st Symm. Rotor Flap 244 Hz 235Hz 244Hz 235Hz
1st Symm. Rotor Edge 430 Hz 408 Hz 6.56 Hz 6.58 Hz
2nd Symm. Rotor Flap 723 Hz 7.25Hz 7.23Hz 726 Hz

TABLE 4. CWT-300 BLADE SUB COMPONENT NATURAL FREQUENCIES COMPARISON

Mode Shape Description Modal Test (Hz) ANYSY FEM (Hz)
1st Flap Bending 0.62 0.63
2nd Flap Bending 226 238
1st Edge Bending 2381 264
3rd Flap Bending 5.66 5.63




FIRST FLAP AND FIRST ASYMMETRIC ROTOR BENDING
3.25 Hz

FIRST FLAP SYMMETRIC ROTOR BENDING
3.75 Hz

(- T @

FIRST FLAP AND SECOND ASYMMETRIC ROTOR BENDING
5.14 Hz

Figure 9. AOC 15/50 MEASURED: (1) FIRST FLAP/ FIRST ASYMMETRIC BENDING;
(2) FIRST FLAP SYMMETRIC ROTOR BENDING &;
(3) FIRST FLAP/ SECOND ASYMMETRIC ROTOR MODES
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FIRST FLAP AND ROTOR SYMMETRIC FIRST EDGE AND ROTOR SYMMETRIC . * SECOND FLAP AND ROTOR SYMMETRIC
244 Hz 430 Hz 123 Ha

Figure 10. AWT-26 P1 MEASURED: (1) FIRST OUT-OF-PLANE;(2) FIRST IN-PLANE &
(3) SECOND OUT-OF-PLANE SYMMETRIC ROTOR BENDING MODES



FIRST FLAP BENDING @ 0.62 Hz

SECOND FLAP BENDING @ 2.26 Hz %

FIRST EDGE BENDING @ 2.31 Hz

THIRD FLAP BENDING @ 5.66 Hz

Figure 11. CWT-300 BLADE: MODE SHAPES CORRESPONDING TO
MEASURED NATURAL FREQUENCIES IN TABLE 4





